Abstract-The challenges with solar energy extraction are addressed in the proposed approach through development and demonstration of a multilevel inverter architecture and the associated control algorithms. The proposed system suggests how to achieve maximum power point tracking (MPPT) from individual panels rather than from a centralized structure. A nine-level cascaded multilevel inverter with a total capacity of 800 watts was successfully implemented and tested. The simulation and the experimental results show that the currents drawn from the individual solar PV arrays using the developed algorithm are very close to the commanded inputs so that the arrays can operate at their individual maximum power points. The overall system minimizes the shading effect and improve the per panel energy capture as well as increase the overall energy harvest.
INTRODUCTION
Renewable energy systems typically do not have a constant and stable source of energy. In solar photovoltaic (PV) systems, sun irradiance might change quite a lot during the day. Most of the solar PV systems interface to the grid [1] [2] [3] [4] . Therefore, a stable grid interfacing is required to feed the grid without any fluctuation.
The solar PV arrays provide DC voltage. The DC electric energy is converted into AC electric energy by the use of an inverter. The control objective on the DC side is to capture maximum energy and deliver it to the grid. The energy captured by the system drives the system payback. Increasing the energy capture can have a substantial positive impact [5] [6] [7] ; a more productive system is able to pay for itself more quickly.
The amount of power extraction in a solar PV system is adversely affected by the shading effect, if all the cells are not equally illuminated (partially shaded) [8] . The power extraction is dictated by the weakest panel in the string as all the panels need to carry the same current. In order to eliminate the shading effect and provide better energy capture, module integrated converters can be used [9] [10] [11] . However, it increases the total inverter cost of the system significantly.
In this paper, a cascaded multilevel inverter topology for a solar PV system along with an algorithm for each inverter cell to achieve individual panel MPPT is presented. The panel mismatch issues with the existing solar PV systems are addressed and a new current control algorithm is suggested to solve the problem. Finally, the simulation and the experimental results are provided to demonstrate the system and the developed control algorithm.
II. EXISTING GRID INTERACTIVE SOLAR PV SYSTEMS

A. Solar PV Array Configurations
The solar photovoltaic arrays are configured either in parallel or series or in series-parallel combination to set the desired terminal voltage and current. In the case of series string configuration, a higher voltage level can be achieved, but the current ratings are limited by the individual panel rating. On the other hand, higher current ratings can be achieved for the parallel configuration, but individual panel voltages limit the total output voltage. Therefore, in most cases, a series-parallel configuration is used, where both voltage and current level can be increased, and a desired power level can be achieved. Figure 1 shows the typical grid interactive solar PV systems with the series-parallel and series string array configurations. 
B. Panel Mismatches in the Solar PV Systems
Shading effect is an important issue in the solar PV systems. Due to the sun irradiance received differently in series connected PV panels, the total power extraction from the panels is affected severely. However, Figure 3 This higher value of , which is more than the double of , is achieved by individual panel MPPT, rather than a centralized MPPT structure.
C. Module Integrated Converters (MICs)
In order to eliminate the adverse effect of the shading, an alternative approach suggested in the literature and being developed in the industry is the autonomous control for tracking the maximum power of solar panels locally [8] [9] [10] . Module integrated converters (MICs) provide better energy capture. MICs can be configured as either DC/DC converters or DC/AC converters to provide MPPT for the individual inverters. Figure 4 shows the configuration of the solar PV systems through the MICs. In the first approach, individual DC/DC converters work as a buck-boost converter and process the power at MPP of the individual arrays. The second approach is to use the DC/AC inverters for each panel. Both approaches provide better energy capture, but increase the total inverter cost of the system significantly. 
III. PROPOSED MULTILEVEL INVERTER (MI) TOPOLOGY
A single-phase structure of an m-level cascaded inverter is the proposed topology where the individual PV panels or series-parallel connected portion of the PV panels are fed into the single-phase H-bridge inverter modules. Each single-phase full-bridge inverter module generates three voltage levels at the output:
, 0 and -. The resulting phase voltage is synthesized by the addition of the voltages generated by different inverter cells. This is made possible by connecting the DC voltage sources to the AC output by different states of the four power switches. The number of output voltage levels, m in a cascaded inverter is defined by m = 2n+1, where n is the number of H-bridge inverter modules. The output of the each cell is connected in series to feed the AC utility grid. It is possible to run the individual cells at the utility frequency. By adjusting the duty ratio of the individual cells, the amount of power extracted by the individual cell of the inverter can be controlled. Although the amount of current output from the individual cells is the same, the input currents drawn from the arrays can be different. Using this approach, maximum power extraction from the individual panels is possible. The individual cell controllers and the centralized controller share the responsibility of the power conversion. Figure 5 shows the proposed multilevel inverter topology for the solar PV systems. 
IV. PROPOSED MI CONTROL ALGORITHM FOR MAXIMUM POWER EXTRACTION
The overall system consists of a multilevel inverter with n-number of modules, n-number of solar panels, maximum power point tracking, switching angle generation and distribution among the modules, PWM generation and a grid voltage sensing circuit. The flow diagram of the overall system is illustrated in Figure 7 . Let the variable be the percentage of the current being drawn by the individual solar panels for a specified period. The centralized controller produces the individual 's to produce that matches the desired . The time can be as much as the utility grid period and as low as the lowest PWM period that can be achieved by the converter. The resulting AC output has to be compatible with the AC utility system.
The realization of the can be done through proper switching configuration of the switches on the cell inverters. The magnitude of the turn-on and turn-off angles would dictate the for the inverter cell. In the developed control algorithm, the turn-on and turn-off angles are symmetrically positioned within one half electrical cycle; hence, the control algorithm has to generate one switching angle, denoted as "α" for each module. In one utility cycle, α could be changed four times to regulate the amount of currents drawn from the solar panels. The individual cell α angles should be coordinated with other cells to synthesize sine wave utility current. For a set of four panels and four individual inverters, there will be four single phase output voltages. The individual output voltages will synthesize into an overall nine-level output voltage as shown in Figure 6 .
A. Switching Angles (α's)
The switching angles are calculated using selective harmonic elimination method. Figure 8 shows a quarterwave symmetric stepped voltage waveform synthesized by a (2m+1)-level inverter. The waveform has no even harmonics. The amplitude of any odd harmonic of this stepped-waveform can be expressed as follows:
where is the odd harmonic order and α's are the switching angles. According to Figure 8 , the switching angles must satisfy the following condition:
.
To minimize the total harmonic distortion (THD), the most significant low frequency harmonic components will be eliminated from the voltage waveform. The high frequency harmonic components can then be readily removed by using additional filter circuits. Thus, the 3rd, 5th and 7th harmonics are chosen to be eliminated from the voltage waveform [12] . Because of the symmetric characteristic, no even harmonic components exist in this waveform. Thus, a set of nonlinear equations for a ninelevel inverter is given as follows:
Solving the above set of nonlinear equations using Newton-Raphson method, the switching angles were calculated, which correspond to the minimum THD of 8.5% for a nine level inverter. Table 1 shows the calculated switching angles for a nine-level cascaded multilevel inverter. An algorithm was developed to produce the different combinations of the switching angles (α's) and recorded in a tabular form. The combinations satisfy the condition that all four switching angles are distributed in each quarter cycle to produce a resultant sinusoidal waveform. Figure 9 shows a sine wave and the generated stepped-waveform superimposed on each other using the above switching angles. Figure 9 : Super imposing of a pure sine wave and generated stepped waveform.
B. Alpha(α) Scheduler Algorithm
The main function of the α-scheduler algorithm is to determine the optimum set of switching angles and distribute them among the modules. Figure 10 shows the outputs of the four individual modules. The switching angles (α's) are interchanged four times per utility cycle. For each quarter cycle, four different α's are distributed among the four panels. As shown in Figure 10 , the outputs of the inverter cell voltages add up to the staircase sine wave voltage.
The α-scheduler algorithm receives the current commands The difference between the per unit command currents and the estimated per unit currents gives the error in the commanded currents for the individual solar panels as
The objective is to minimize the total error given as
The algorithm implements successive iteration to minimize and finds the corresponding set of four switching angles (α A-D 's) for each inverter modules per utility cycle. The α-scheduler algorithm cycles the individual duties around the modules of the multilevel inverter, where the switching angle α's are inter-changed between the solar panels during a single utility cycle. The amount of average currents drawn from the individual solar panel is controlled by adjusting the duty cycles. The inverter then allows all the panels to operate at their individual maximum power points throughout the operation. The switching angles are updated four times per utility cycle. Figure 11 shows the flow chart of the α-scheduler algorithm. 
C. Utility Interface
The zero crossing detection algorithm is necessary to synchronize the inverter output voltage to the utility grid, 
V. SIMULATION RESULTS
A nine-level (four H-bridges) cascaded multilevel inverter is considered where each cell is powered by 48V array for the simulation studies. The control algorithm is implemented in embedded MATLAB function and simulated in the MATLAB-Simulink environment with the Simpower toolbox. The control algorithm takes the current commands for an individual array as an input and produces proper switching commands for the H-bridge module to produce the command currents. Figure 12 shows the output voltage waveforms, synthesized by the addition of the four individual panel voltages, which is a stair case waveform and nearly sinusoidal. As shown in that figure, the switching angles (α's) are inter-changed between the panels during single utility cycle to draw currents as close as the commanded ones from the solar panels. Figure 13 shows the currents drawn from the individual panels and overall inverter output currents with a 10Ω resistive load. In this simulation, the commanded currents drawn from the individual solar panels were 11A, 10A, 9A and 7.5A.
The control algorithm cycles the individual duty cycles around the multilevel inverter cells, and is able to produce the actual average currents of 11.47A, 10.07A, 8.92A and 7.46A, respectively, which are very close to the commanded currents. The results for this simulation are summarized in Table 2 .
Figure 13: Individual cell currents and overall inverter output currents with a 10Ω resistive load. The simulation results prove that it is possible to draw different amounts of power from the individual solar panels by using the cascaded multilevel inverter. The currents drawn from the arrays can be controlled very close to the commanded inputs to be able to operate at their individual MPP. It is worth noting that each cell operates at the 60 Hz utility switching frequency, which would help achieve higher inverter efficiency.
VI. EXPERIMENTAL RESULTS
A single-phase structure of a nine-level cascaded multilevel inverter with four 25V battery units as solar panel emulators have been utilized in the experimental setup. Each power stage is supplied by a 25V DC battery pack. Each battery pack has two 12.5V, 18AH battery modules connected in series. In the control circuit, 16-bit DSP dsPIC33FJ64GS610 is employed to generate the required gate signals. A 2.5mH inductor is used as the line inductance. Figure 14 shows the picture of the experimental setup.
The first test was performed to evaluate the stand alone mode of operation of the multilevel inverter with a 200Ω resistive load. The DC source input currents were commanded on a weight basis such that the input power is distributed among the four panels. In this setup, a 25% weight was applied to each panel to distribute the input power equally among the four DC sources. It can be seen from Figure 15 that the output voltage waveform has a nine level swing at a frequency of 60Hz. The voltage and currents are in phase due to the resistive load. Figure 16 shows that using this algorithm, the currents drawn from the DC sources are very close to the commanded currents to be able to operate at their individual MPP. The results of this test are summarized in Table 3 . Figure 17: Inverter output and grid voltages, and line current.
The next experiment was done for the multilevel inverter with grid interfacing using a transformer. A 2.5mH inductor connected in series is used as the line inductance to interface the inverter output and the grid. The currents were commanded on a weight basis such that the input power is distributed among the four DC sources. In the first setup, the phase angle is 0.13 radian (7.4°) and the weights of 15%, 20%, 30% and 35% for the four panels were commanded. As shown in Figure 18 , the currents drawn from the different DC sources are very close to the commanded currents. In the second setup, the phase angle between the inverter output voltage and the grid voltage is changed to 0.03 radian (1.76°); the weights commanded are 32%, 28%, 20% and 20% for the four panels. Figure 19 These experimental results prove that it is possible to command and achieve different amounts of power from the individual DC sources by using the cascaded multilevel inverter so that the arrays can operate at their individual MPP. Tables 4 and 5 give the summary of the grid interactive test results. As shown in the tables, the efficiency of the inverter is quite high as expected. The cascaded multilevel inverter along with the developed algorithm can achieve maximum power points tracking for the individual panels rather than using a centralized MPPT structure. The simulation and experimental results show that the developed algorithm allows the current drawn from the DC sources to be very close to the commanded inputs so that the arrays can operate at their individual maximum power points. The resulting output AC voltage has a nine level swing, and forms a staircase waveform that is nearly sinusoidal even without passing through any filter. A stable grid interfacing has been achieved to feed the power to the grid without any fluctuation. The power flow is controlled by varying the phase angle; at the same time, it assures maximum energy capture on DC side to subsequently deliver it to the utility grid. The shading effect is substantially compensated with the approach resulting is an increase in the overall energy harvesting.
